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Combining the electronic properties of graphene and molybdenum disulphide (MoS2) monolay-
ers in two-dimensional (2D) ultrathin hybrid nanocomposites have been synthesized experimentally
to create excellent electronic, electrochemical, photovoltaic, photoresponsive and memory devices.
Here, first-principles calculations are performed to investigate the electronic, electrical and optical
properties in hybrid G/MoS2 and G/MoS2/G nanocomposites. It turns out that weak van der
Waals interactions dominate between graphene and MoS2 with their intrinsic electronic properties
preserved. Interestingly, tunable p-type doping of graphene is very easy to achieve by applying
electric fields perpendicular to hybrid G/MoS2 and G/MoS2/G nanocomposites, because electrons
can easily transfer from the Dirac point of graphene to the conduction band of MoS2 due to the
work function of graphene close to the electronic affinity of MoS2. Vertical electric fields can gen-
erate strong p-type but weak n-type doping of graphene, inducing electron-hole pairs in hybrid
G/MoS2/G sandwiched nanocomposites. Moreover, improved optical properties in hybrid G/MoS2
and G/MoS2/G nanocomposites are also expected with potential photovoltaic and photoresponsive
applications.
INTRODUCTION
Graphene, a two-dimensional (2D) sp2-hybridized car-
bon sheet, has received considerable interest recently ow-
ing to its outstanding properties,[1–4] especially, high
carrier mobility, with great potential applications for
graphene-based electronic devices, such as field effect
transistors (FETs). But, intrinsic electronic properties
of graphene depend sensitively on the substrates due to
strong graphene-substrate interactions, such as SiO2,[5–
7] SiC,[8–10] and metal surfaces.[11–13] Finding an ideal
substrate for graphene remains a significant challenge.
Interestingly, many 2D ultrathin hybrid graphene-
based nanocomposites have been widely studied exper-
imentally and theoretically, such as graphene/hexagonal
born nitride (G/h-BN),[14–16] graphene/graphitic car-
bon nitride (G/g-C3N4),[17–19] and graphene/graphitic
ZnO (G/g-ZnO).[20–22] These hybrid graphene-based
nanocomposites show much more new properties far be-
yond their simplex components. Furthermore, most of
them are ideal substrates for graphene to preserve its in-
trinsic electronic properties.
Recently, 2D flexible heterostructures consisting of
graphene and monolayer molybdenum disulphide[23–27]
(G/MoS2) have been synthesized experimentally[28–37]
with great applications in excellent electronic, electro-
chemical, photovoltaic, photoresponsive and memory de-
vices. Monolayer MoS2 itself is an interesting semicon-
ducting transition metal dichalcogenide, which has been
widely studied experimentally and theoretically[23–27]
due to its outstanding structural, electronic and optical
properties superior to other 2D materials as graphene
substrates. For example, monolayer MoS2 has a appro-
priate bandgap (1.90 eV )[24] to achieve a high current
on/off ratio of 10000 in G/MoS2 based FETs far supe-
rior to vertical G/h-BN heterostructures with an insuffi-
cient current on/off ratio of 50 due to the large bandgap
(5.97 eV ) of h-BN.[30] Most recently, hybrid G/MoS2/G
sandwiched nanocomposites have also been synthesized
experimentally,[38, 39] showing strong light-matter in-
teractions and large quantum tunneling current modu-
lations in flexible graphene-based FETs superior to hy-
brid G/MoS2 nanocomposites. Theoretically, only few
works[40, 41] have been focused on the structural and
electronic of hybrid G/MoS2 nanocomposites. There-
fore, a systematic theoretical work on hybrid graphene
and MoS2 nanocomposites (G/MoS2 and G/MoS2/G) is
very desirable with more exciting new properties to be
expected, such as electrical and optical properties.
In the present work, we study structural, electronic,
electrical and optical properties in hybrid G/MoS2 and
G/MoS2/G nanocomposites using first-principles calcu-
lations. Graphene interacts overall weakly with via
van der Waals interactions with their intrinsic electronic
properties preserved. Applying vertical electric fields is
very easy to induce tunable p-type doping of graphene
in hybrid G/MoS2 nanocomposites and generate strong
p-type but weak n-type doping of graphene in hybrid
G/MoS2/G sandwiched nanocomposites. Moreover, hy-
brid graphene and MoS2 nanocomposites show enhanced
optical absorption compared to simplex graphene and
MoS2 monolayers.
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2THEORETICAL MODELS AND METHODS
The lattice parameters of graphene and MoS2 mono-
layers calculated to setup unit cell are a(G) = 2.47 A˚ and
a(MoS2) = 3.19 A˚.[40, 41] In order to simulate hybrid
graphene and MoS2 nanocomposites, a 2
√
3 × 2√3 su-
percell of graphene (24 carbom atoms) is used to match
a
√
7 × √7 supercell of MoS2 (7 sulfur and 14 molyb-
denum atoms) with a smaller lattice mismatch of about
1% compared with previous theoretical studies.[40, 41]
Furthermore, our designed hybrid graphene and MoS2
nanocomposites are consistent with recent experimental
observation of a faint moire´ structure with high resolution
STM images of graphene on MoS2.[37] In this work, both
hybrid G/MoS2 and G/MoS2/G nanocomposites are con-
sidered as shown in FIG 1. The vacuum space in the Z
direction is about 15 A˚ to separate the interactions be-
tween neighboring slabs.
FIG. 1: (Color online) Atomic geometries of hybrid (a)
G/MoS2 and (b) G/MoS2/G nanocomposites. A vertical elec-
tric field is applied perpendicular to the layers. The gray,
yellow and blue balls denote carbon, sulfur and molybdenum
atoms, respectively.
First-principles calculations are based on the den-
sity functional theory (DFT) implemented in the VASP
package.[42] The generalized gradient approximation of
Perdew, Burke, and Ernzerhof (GGA-PBE)[43] with
van der Waals (vdW) correction proposed by Grimme
(DFT-D2)[44] is chosen due to its good description of
long-range vdW interactions.[45–56] As an benchmark,
DFT-D2 calculations give a good bilayer distance of
3.25 A˚ and binding energy of -25 meV per carbon
atom for bilayer graphene, fully agreeing with previous
experimental[57, 58] and theoretical[59, 60] studies. The
energy cutoff is set to be 500 eV . The surface Brillouin
zone is sampled with a 5 × 5 regular mesh and 240 k
points are used for calculating the tiny band gaps at the
Dirac points of silicene. All the geometry structures are
fully relaxed until energy and forces are converged to
10−5 eV and 0.01 eV /A˚, respectively. Dipole correction
is employed to cancel the errors of electrostatic potential,
atomic forces and total energy, caused by periodic bound-
ary condition.[61] The external electric field is introduced
in the VASP by the dipole layer method with the dipole
placed in the vacuum region of periodic supercell.
To study the optical properties of hybrid graphene and
MoS2 nanocomposites, the frequency-dependent dielec-
tric matrix is calculated.[62] The imaginary part of di-
electric matrix is determined by a summation over states
as
ε′′αβ =
4pi2e2
Ω
lim
q→0
1
q2
∑
c,v,k
2wkδ(ck − vk − ω)
× 〈µck+eαq|µvk〉〈µck+eβ q|µvk〉∗
(1)
where, Ω is the volume of the primitive cell, wk is the
k point weight, c and v are the conduction and valence
band states respectively, ck and µck are the eigenvalues
and wavefunctions at the k point respectively, and eα
are the unit vectors for the three Cartesian directions.
In order to accurately calculate the optical properties
of hybrid graphene and MoS2 nanocomposites, a large
21 × 21 regular mesh for the surface Brillouin zone, a
large number of empty conduction band states (three
times more than the number of valence band) and fre-
quency grid points (4000) are adopted. Note that the
optical properties of pristine graphene and MoS2 mono-
layers are crosschecked and consistent with previous the-
oretical calculations.[63, 64]
In order to evaluate the stability of hybrid graphene
and MoS2 nanocomposites, the interface binding energy
is defined as
Eb = E(G/MoS2)− E(G)− E(MoS2) (2)
where, E(G/MoS2), E(G) and E(MoS2) represent the
total energy of hybrid graphene and MoS2 nanocompos-
ites, pristine graphene and MoS2 monolayers, respec-
tively.
RESULTS AND DISCUSSION
First, we check the structural and electronic proper-
ties of pristine graphene and MoS2 monolayers, agree-
ing well with previous theoretical studies.[40, 41] Pris-
tine graphene monolayer is a zero-gap semiconductor,
showing a linear Dirac-like dispersion relation E(k)
= ±~νF |k| around the Fermi level, where νF is the
Fermi velocity, and νF (G) = 0.8×106 m/s[63] at the
Dirac point of graphene, although GGA-PBE calcula-
tions underestimate the Fermi velocity of graphene by
15∼20%.[65] Pristine MoS2 monolayer is a semiconduc-
tor with a direct band gap of 1.64 eV , although GGA-
PBE calculations[66] slightly underestimate this band
gap value (1.90 eV ).[24]
We then study the structural and electronic properties
of hybrid graphene and MoS2 nanocomposites as summa-
rized in TABLE I. The equilibrium spacings of 3.37 and
3.36 A˚ are obtained for hybrid G/MoS2 and G/MoS2/G
3TABLE I: DFT-D2 calculated equilibrium interfacial distance
D0 (A˚) and binding energy per carbon atom Eb (meV ) in
hybrid G/MoS2 and G/MoS2/G nanocomposites.
DFT-D2 D0 Eb
G/MoS2 3.37 -20.5
G/MoS2/G 3.36/3.36 -27.0
nanocomposites with corresponding binding energy of
-20.5 and 27.0 meV per atom, respectively. Thus,
graphene is physically adsorbed on monolayer MoS2 via
weak van der Waals (vdW) interactions, and intrinsic
electronic properties of graphene and MoS2 can be pre-
served in ultrathin hybrid nanocomposites, agreeing well
with previous experimental[28–39] and theoretical[40, 41]
studies.
Electronic band structures of hybrid graphene and
MoS2 nanocomposites are shown as FIG 2. We find that
linear Dirac-like dispersion relation around the Fermi lev-
els of graphene is still preserved in hybrid G/MoS2 and
G/MoS2/G nanocomposites, though tiny band gaps (1
meV ) are opened at the Dirac points of graphene, which
are significantly lower than thermal fluctuation (about 25
meV ) at room temperature and trend to vanish in exper-
iments. Note that induced graphene band gaps are typi-
cally sensitive to other external conditions, such as inter-
layer separation,[63] showing that the band gap values in-
crease gradually with the interlayer separation decrease,
thus tunable, with a potential for flexible graphene-based
FETs.
FIG. 2: (Color online) Electronic band structures of (a)
graphene and (b) MoS2 as well as corresponding hybrid (c)
G/MoS2 and (d) G/MoS2/G nanocomposites. The Fermi
level is set to zero and marked by green dotted lines.
High-performance field-effect tunneling transistors
have been achieved experimentally[30, 34, 36, 38, 39] in
hybrid graphene and MoS2 nanocomposites. Thus, the
electronic properties of hybrid G/MoS2 and G/MoS2/G
nanocomposites affected by applying vertical electric
fields are very desirable as shown in FIG 3. Interest-
ingly, negative vertical electric fields can induce p-type
doping of graphene in hybrid G/MoS2 nanocomposites.
But, positive electric fields almost have on effect on the
electronic properties of hybrid G/MoS2 nanocomposites.
This is because electrons can easily from the Dirac point
of graphene to the conduction band of MoS2 but diffi-
culty from the valence band of MoS2 to the Dirac point
of graphene due to the work function (4.3 eV )[20] of
graphene close to the electronic affinity (4.2 eV )[34] of
monolayer MoS2. Interestingly, vertical electric fields
can generate strong p-type but weak n-type doping of
graphene at both negative and positive electric fields due
to the symmetry in hybrid G/MoS2/G nanocomposites.
Based on the linear dispersion around the Dirac point
of graphene,[3] the charge carrier (hole or electron) con-
centration of doped graphene can be estimated by the
following equation[20]
Nh/e =
(4ED)2
pi(~νF )2
(3)
where 4ED is the shift of graphene’s Dirac point (ED)
relative to the Fermi level (EF ), that is 4ED = ED -
EF . The calculated charge carrier concentrations in hy-
brid G/MoS2 and G/MoS2/G nanocomposites are shown
in FIG 4. These values are more than 3 orders of magni-
tude larger than the intrinsic charge carrier concentration
of graphene at room temperature (n = pik2BT
2/6~ν2F =
6×1010 cm−2).[10] Furthermore, the doping charge car-
rier concentrations of graphene in hybrid nanocomposites
are increased with the vertical electric fields. Therefore,
the field-effect in hybrid graphene and MoS2 nanocom-
posites is effective and tunable for high-performance
FETs and p-n junctions.[38, 39]
As an example, electronic band structures of hybrid
G/MoS2 and G/MoS2/G nanocomposites and their cor-
responding XY-averaged electrostatic potential (V) in
the Z direction at a vertical electric field of -2.0 V /A˚ are
shown in FIG 4. Charge-transfer complexes are formed
in hybrid graphene and MoS2 nanocomposites affected
by vertical electric fields. The differential charge den-
sity (4ρ = ρ(G/MoS2) - ρ(G) - ρ(MoS2)) of hybrid
G/MoS2 and G/MoS2/G nanocomposites are shown in
FIG 3c. Particularly, electron-hole pairs are well sep-
arated in hybrid G/MoS2/G sandwiched nanocompos-
ites with more excellent applications[38, 39] compared
with hybrid G/MoS2 nanocomposites. Note that the
band gap values at graphene’s Dirac points in hybrid
G/MoS2 and G/MoS2/G nanocomposites are almost not
affected by vertical electric fields, different to bilayer
graphene.[67, 68]
Besides commonly focused electronic structures in hy-
brid G/MoS2 nanocomposites,[40, 41] we also study the
optical properties in hybrid G/MoS2 and G/MoS2/G
4FIG. 3: (Color online) The doping charge carrier concentra-
tions Nh/e (10
12 cm−2) of graphene in hybrid G/MoS2 and
G/MoS2/G nanocomposites as a function of vertical electric
field E (V /A˚). The energy shift 4ED (eV ) of graphene’s
Dirac point relative to the Fermi level is shown in the inset.
nanocomposites due to their photovoltaic and photore-
sponsive applications.[35–38] Note that pristine graphene
and MoS2 monolayers themselves display outstanding
optical properties,[4, 25] but interlayer interaction and
charge transfer in graphene-based hybrid nanocomposites
can induce new optical transitions.[19] In optical prop-
erty calculations, the imaginary part of dielectric func-
tion for pristine graphene and MoS2 monolayers as well
as corresponding hybrid graphene and MoS2 nanocom-
posites are evaluated as shown in FIG 5. In fact, mono-
layer MoS2 shows much stronger optical absorption than
graphene in the visible light region (200 ∼ 800 nm).
Moreover, hybrid graphene and MoS2 nanocomposites
exhibit more strongly enhanced light response, especially
hybrid G/MoS2/G sandwiched heterostructures, com-
pared with simplex graphene and MoS2 monolayers, be-
cause electrons can now be easily and directly excited
FIG. 4: (Color online) Electronic band structures of hybrid
(a) G/MoS2 and (b) G/MoS2/G nanocomposites and (c) their
corresponding XY-averaged electrostatic potential V (V ) in
the Z (A˚) direction at a vertical electric field of -2.0 V /A˚.
Differential charge density with a isosurface value of 0.001
e/A˚3 of hybrid G/MoS2/G nanocomposites is shown in the
insert. The red and blue regions indicate electron increase
and decrease, respectively.
from the Dirac point of graphene to the conduction band
of MoS2.
SUMMARY AND CONCLUSIONS
In summary, structural, electronic, electrical and
optical properties in hybrid G/MoS2 and G/MoS2/G
nanocomposites are studied via first-principles calcula-
tions. Graphene interacts overall weakly with via van
der Waals interactions with their intrinsic electronic
properties preserved. Applying vertical electric fields is
very easy to induce tunable p-type doping of graphene
in hybrid G/MoS2 nanocomposites and generate p-type
and n-type doping of graphene in hybrid G/MoS2/G
5FIG. 5: (Color online) Imaginary part of dielectric function
(ε′′) of pristine graphene MoS2 monolayers as well as corre-
sponding hybrid G/MoS2 and G/MoS2/G nanocomposites.
sandwiched nanocomposites. Moreover, hybrid G/MoS2
and G/MoS2/G nanocomposites display enhanced opti-
cal absorption compared to simplex graphene and MoS2
monolayers. With excellent electronic, electrical and
optical properties combined, ultrathin hybrid graphene
and MoS2 nanocomposites are expected to be with
great applications in efficient electronic, electrochemical,
photovoltaic, photoresponsive and memory devices.
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